Hypothesis/introduction: Our aim was to investigate whether a non-hypotensive dose of ramiprilat and losartan has myocardial protective effects during myocardial ischemia/reperfusion in vivo. Materials and methods: Three groups of rats were given 10 mg/kg per day of losartan for one (L-1W), four (L-4W) or 10 (L-10W) weeks. Another three groups were given 50 µg/kg per day of ramiprilat for one (R-1W), four (R-4W) or 10 (R-10W) weeks. The animals underwent 30 min of left anterior descending artery occlusion and subsequent reperfusion for 120 min. Results: Myocardial infarct size (IS) was reduced in R-1W (28.4 ± 6.3%, p < 0.001), R-4W (27.8 ± 7.4, p < 0.001), L-4W (31.8 ± 6%, p < 0.05) and L-10W (25.3 ± 5.7, p < 0.001) groups compared with a saline group (48.3 ± 7.8%). A significant reduction in the number of ventricular ectopic beats (VEBs) was noted in groups R-1W (209 ± 41, p < 0.01), R-4W (176 ± 39, p < 0.01), L-4W (215 ± 52, p < 0.05) and L-10W (191 ± 61, p < 0.01 vs. saline 329 ± 48). The incidence of irreversible ventricular fibrillation (VF) and mortality were decreased significantly only in L-10W group.
Introduction
The renin-angiotensin system (RAS) is an important factor with implication in the pathogenesis of myocardial ischemia reperfusion injury. As a result, pharmacologic blockade of this system has been an attractive strategy for cardioprotection against ischemia reperfusion injury. 1 Ramipril is a weak but long acting angiotensin converting enzyme (ACE) inhibitor prodrug and is converted in the liver into the more active metabolite ramiprilat. Most experiments with this ACE inhibitor (ACEi) [2] [3] [4] [5] [6] [7] [8] [9] and with angiotensin type 1 (AT 1 ) receptor blocker (ARB) losartan [10] [11] [12] [13] [14] [15] [16] have shown that these agents are able to protect the myocardium against ischemia reperfusion injury by reduction of infarct size and ventricular arrhythmias.
In contrast, there are reports that have shown no significant beneficial effects for these drugs on infarct size and arrhythmias. 2, 3, [17] [18] [19] Several clinical trials have also established a therapeutic benefit for ramipril [20] [21] [22] and losartan 23, 24 in decreasing mortality due to cardiovascular events, but the results are inconsistent. There are reports which indicate that some of the protective effects of ACEi and ARBs may occur independently of their ability to decrease arterial blood pressure. 25, 26 On the other hand, in most experimental studies, ACEi or ARBs were given as an acute pretreatment prior to induction of myocardial infarction. 3, 5, 8, 9, 15 Both ACEi and ARBs are usually given chronically to patients in clinical practice and it is important to know the effect of different durations of pretreatment with these drugs on myocardial ischemia reperfusion injury. The present experiments were designed to further investigate the effects of different durations of pretreatment with non-hypotensive doses of an ACEi, ramiprilat, and a AT1 receptor blocker, losartan, on myocardial infarct size and incidence of arrhythmias in a rat model of myocardial ischemia reperfusion injury.
Material and methods

Experimental groups
Animals were housed in a room controlled for temperature and light (12 h light/dark cycle). All experimental procedures were performed in accordance with the approval of the Ethics Committee on Animal Experiments of the Tarbiat Modares University. Male Wistar rats with an average body weight of 250-300 g were randomly assigned to seven groups: three groups were given 10 mg/kg per day of losartan (Daru Pakhsh) for one week (L-1W) (n = 22), four weeks (L-4W) (n = 22) or 10 weeks (L-10W) (n = 15). Another three groups were given 50 µg/kg per day of ramiprilat (Sanofi-Aventis) for one week (R-1W) (n = 23), four weeks (R-4W) (n = 18) or 10 weeks (R-10W) (n = 18). The seventh group was given saline solution and served as control (n = 16). All drugs were dissolved in saline and administered orally using a feeding needle in a 2 ml volume as a single dose. The data from a preliminary experiment designed to record blood pressure showed that one to two weeks' administration of 50 µg/kg per day of ramiprilat and 10 mg/kg per day of losartan did not induce hypotension in rats (data not shown).
Ischemia reperfusion protocols
A rat model of myocardial ischemia reperfusion was used as previously described. 27 Anesthesia was induced by using sodium pentobarbital (50 mg/kg, i.p.). After a midline incision, the trachea was intubated and ventilated artificially with room air at a tidal volume of 1 ml/100 g and a frequency of 70-80 inflation/min. Body temperature was monitored with a rectal probe and maintained at 37°C using a heating pad. The tail vein was cannulated for injection of Evans blue. Lead II of electrocardiogram (ECG) was recorded using skin needle electrodes. Arterial blood pressure was monitored from the left carotid artery by a blood pressure transducer. The chest was opened by a left thoracotomy in the fourth intercostals space. The pericardium was incised and the heart was exposed. A 5/0 silk thread was passed below the left anterior descending (LAD) branch of the coronary artery and was occluded for 30 min by lifting the thread through a piece of polyethylene tube. Development of a pale color in the distal myocardium, S-T elevation on ECG and reducing of the blood pressure confirmed successful coronary occlusion. After 30 min of ischemia, loosening the silk thread allowed heart reperfusion for 120 min. Restoration of bright red color of the left ventricle verified the reperfusion.
Evaluation of ischemia-induced arrhythmias
Arrhythmias were assessed according to the diagnostic criteria in the Lambeth conventions: 28 ventricular ectopic beats (VEBs) are discrete and identifiable premature QRS complex ventricular tachycardia (VT) is defined as a run of four or more consecutive VEBs. Ventricular fibrillation (VF) is defined as a signal where QRS complexes could not easily be distinguished from each other and heart rate could no longer be measured. The number of VEBs, the episodes of VT and the incidence of VF were determined. VEBs included bigeminy and salvos too.
Infarct size measurement
Delineation of infarct size was performed as described previously. 27 After 120 min of reperfusion, the LAD was religated and 1 ml of Evans blue solution (1%) was injected into the tail vein so that the non-ischemic portion of the heart stained blue. The area that remained unstained by Evans blue was pale and defined as area at risk (AAR). The heart was then excised rapidly and put in a matrix and frozen at -20 (12 h) for evaluation of the infarct size. Frozen heart was cut parallel to the atrioventricular groove into 2 mm thick sections. Slices were incubated in 1% triphenyl tetrazolium chloride (TTC) solution in pH 7.4 phosphate buffer for 20 min at 37°C. TTC stains viable tissue a red color while infracted tissue looks tan. Slices were incubated in a 10% formalin solution for 24 h to enhance the contrast. An image was obtained (CanonScan Lid 25) from both sides of each slice and all calculations from one heart (using Image Tool Software) were averaged into one value for statistical analysis. Infarct size, as the white color area, was expressed as a percentage of AAR.
Statistical analysis
The data were expressed as means ± SD. Infarct size, the number of VEBs and hemodynamic values were analyzed by the Kruskal-Wallis test with Dunn's post-test for multiple comparison. The incidences of VF were analyzed by using Fisher's exact test. Hemodynamic values within the same group were analyzed by repeated measures analysis of variance. Outcomes were assessed by Kaplan-Meier survival analysis and log-rank test statistics. Differences were considered statistically significant when p < 0.05. Table 1 shows the effect of pretreatment with ramiprilat and losartan on blood pressure and heart rate before LAD occlusion (baseline), at the end of ischemia and at the end of reperfusion. In all groups, shortly after LAD occlusion blood pressure decreased significantly and returned to pre-occlusion values after reperfusion. In all groups, heart rate was stable throughout the experiments. There were no significant differences in blood pressure and heart rate among the seven groups at baseline, during ischemia or during reperfusion. Figure 1 shows the effect of different durations of pretreatment with ramiprilat and losartan on myocardial infarct size. In all experimental groups, the size of AAR did not differ between the groups indicating equal position of LAD occlusion ( Figure 1A ). Myocardial infarct size was unchanged after one week of pretreatment with losartan (42.1 ± 6% vs. saline 48.3 ± 7.8%), but was significantly reduced by four and 10 weeks of pretreatment (31.8 ± 6%, p < 0.05 and 25.3 ± 5.7, p < 0.001 vs. saline 48.3 ± 7.8%, respectively). Prolonged administration of losartan by 10 weeks (L-10W) showed greater reduction in infarct size compared with L-1W (p < 0.01).
Results
Hemodynamic parameters
Myocardial infarct size
Infarct size was significantly reduced one and four weeks after pretreatment with ramiprilat (28.4 ± 6.3%, p < 0.001 and 27.8 ± 7.4, p < 0.001 vs. saline 48.3 ± 7.8%, respectively). In the group treated with ramiprilat for 10 weeks, infarct size was reduced but it was not statistically significant ( Figure 1B) . Interestingly, infarct size showed a marked reduction when R-1W group was compared with L-1W animals (p < 0.05).
Evaluation of arrhythmia and survival
After LAD occlusion, all animals exhibited cardiac arrhythmia. The arrhythmias were evaluated as VEBs, episodes of VT and the incidence of VF. The results of pretreatment with losartan and ramiprilat on ischemia-induced arrhythmias are illustrated in Figure 2 .
All of these sever arrhythmias in the group treated with losartan for one week did not significantly change but in the group treated for four weeks, the total number of VEBs and the episodes of VT were decreased significantly (VEBs: Table 1 . Mean blood pressure (MBP) (mm Hg) and heart rate (HR) (beats/min) obtained before occlusion of the LAD artery and at the end of ischemia and reperfusion in rats treated with losartan for one week (L-1W), four weeks (L-4W) or 10 weeks (L-10W) and ramiprilat for one week (R-1W), four weeks (R-4W) or 10 weeks (R-10W)
Baseline
Ischemia Reperfusion
Data are expressed as mean ± SD. *p < 0.05 and **p < 0.01 compared with baseline values within the same group. saline 33 ± 8) and the incidence of irreversible VF (9%, p < 0.05 vs. saline 30%) were decreased significantly. One and four weeks of pretreatment with ramiprilat significantly reduced the number of VEBs in R-1W and R-4W (209 ± 41, 176 ± 39, p < 0.01 vs. saline respectively) groups but prolonged (10 weeks) pretreatment did not change the number of VEBs significantly. There were no significant decreases in episodes of VT and the incidence of VF in all of the groups that were treated with ramiprilat.
During the pretreatment period one rat from R-4W and two rats from L-4W groups died on days 6, 17 and 22 respectively. In our experimental model most of the mortalities occurred 10 to 15 minutes after LAD occlusion. Mortality was rarely seen during the reperfusion period. Further, in most of the animals mortality was accompanied with the occurrence of irreversible VF but the LAD occlusion-induced sever hypotension was another cause of mortality in some animals. In groups L-1W: seven of 22, L-4W: five of 22, R-1W: eight of 23, R-4W: four of 23 and R-10W: six of 18 rats died during the experiment. In most of the treated rats survival was higher than in saline (five of 16 rats) but the difference was not significant. However, in L-10W group only two of 15 rats died during the experiment. Comparison of the survival curves by log-rank test indicated a significant effect of the pretreatment with losartan for 10 weeks (p < 0.05) (Figure 3 ).
Discussion
In the present study the effects of different durations of pretreatment with non-hypotensive doses of an ACEi, ramiprilat, and an AT1 receptor blocker, losartan, were evaluated in a rat model of ischemia reperfusion injury.
The main findings of this study were: first, one week of pretreatment with losartan did not have a significant protective effect against myocardial ischemia reperfusion injury but four and 10 weeks of pretreatment significantly decreased myocardial infarct size and ischemia-induced arrhythmia. Second, the infarct size and total number of VPBs markedly reduced in rats treated with ramiprilat for one and four weeks. Prolongation of treatment from one to four weeks did not have any further cardioprotective effect but the cardioprotective effect was lost by increasing the duration of pretreatment to 10 weeks. The important outcome of the study is that it provides new evidence for the cardioprotective effect of ramiprilat and losartan even at non-hypotensive dosage. Furthermore, our findings suggest that the cardioprotective effect of ramiprilat and losartan is time dependent.
It is possible that the results of the current study were influenced by the dose of drugs. A dose which was effective but did not change blood pressure or heart rate significantly was used in order to exclude the influence of systemic hemodynamic alterations. The data from a pilot study designed to record basic hemodynamic parameters had shown that one to two weeks' administration of 50 µg/kg per day of ramiprilat and 10 mg/kg per day of losartan did not induce hypotension in rats, as reported previously using the same dose. 5, 11, 12 Moreover in the present study the AARs were similar in all the groups and the infarct size values were similar to those reported by others in rats subjected to 30 min of coronary occlusion followed by 120 min of reperfusion. 18, 27 Heart rate and blood pressure were the same in these seven groups during 30 min of ischemia and 120 min of reperfusion. Coronary artery occlusion caused a marked drop in arterial blood pressure and administration of ramiprilat or losartan did not induce any further lowering of blood pressure, suggesting that losartan and ramiprilat reduced infarct size independently of hypotensive or chronotropic effects (Table 1 ).
In the present study ramiprilat reduced infarct size significantly as previously reported in mice, 8 rats, 9 pigs 5 and rabbits, 3 although in all of these reports ramiprilat was administered as a single dose (50 µg/kg) prior to LAD occlusion or immediately before reperfusion. The effect of different time courses of pretreatment with ramiprilat on myocardial infarct size and ischemia-induce arrhythmia
has not yet been investigated and as far as we understand, this finding is the first report in this issue. On the contrary, in a report by Black et al. administration of the same and lower doses of ramiprilat (50 µg/kg, 40 ng/kg) prior to or during ischemia did not reduce infarct size, neither under conditions of ischemia (6 h) without reperfusion nor ischemia with reperfusion (90 min of ischemia and 18 h of reperfusion). 19 Also, pretreatment with ramipril for two weeks before infarction could not decrease infarct size after 60 min of ischemia and 30 min of reperfusion in mice. 17 In another study five weeks of treatment with ramipril three weeks after induction of ischemia could not reduce infarct size, but improved cardiac function and less remodeling was observed. 29 In the Heart Outcomes Prevention Evaluation (HOPE study) treatment for 4.5 years with ramipril reduced cardiovascular death, nonfatal myocardial infarction and stroke in patients with evidence of vascular disease. But it should be noted that an antihypertensive dose of ramipril (10 mg once daily) was used in this study, and at the end of the study blood pressure in the ramipril group was lower than in the placebo group. 20 Our results showed that the protective effect of the ACEi ramiprilat was reversed 10 weeks after administration of the drug. The ACE is a relatively non-specific enzyme and catalyzes not only the conversion of angiotensin I but also the degradation of bradykinin into biologically inactive products. Therefore, ACE-inhibitor treatment may result in accumulation of bradykinin. Bradykinin can stimulate the production of nitric oxide and prostaglandins PGE2 and PGI2 with resultant cardioprotective effects. 5 ACE inhibitors block the ACE-mediated production of angiotensin II but non-ACE pathways such as chymase and other enzymes also contribute in angiotensin II production. 30 Therefore, in a proportion of patients taking ACE inhibitors over long periods, circulating angiotensin II concentration and/or aldosterone level may return to normal or even elevated levels; the phenomenon has been called 'angiotensin II reactivation' and 'aldosterone escape', respectively. These phenomena have been shown to abolish the cardioprotective effects of ACEi. [31] [32] [33] In another study enalapril, an ACEi, caused a dose-and timedependent increase in ACE gene expression and enzyme concentration in rat tissues, whereas the AT1 blocker losartan produced no change in plasma ACE level. 34 Therefore, ACE inhibition may not provide optimal long-term RAS blockade. In addition to the presence of non-ACE pathways for angiotensin II production other explanations that have been suggested for this phenomenon are ACE upregulation 32 reactive hyper-reninemia 35 and use of inadequate dose of ACEi, 36 so it is possible that increasing the dose of ramiprilat in our study changed the current results. Also, it has been suggested that measurement of the level of different components of the RAS could provide more precise findings in future.
The AT 1 receptor activation is responsible for most of the deleterious effects of angiotensin II in the cardiovascular system including vasoconstriction, aldosterone release, sodium retention, inflammation and increased oxidative stress resulting in cardiac remodeling, whereas angiotensin type 2 (AT 2 ) receptor activation leads to vasodilation, control of cell proliferation, promotion of cell differentiation, angiogenesis and protection against ischemia. 31, 37 There is also evidence that AT 2 activation stimulates the generation of NO and PGI 2 directly. Therefore, activation of AT 2 appears to antagonize most of the effects of AT 1 activation. As a result, blockade of AT 1 receptors should theoretically be more specific and provide a better suppression for the RAS. 31 AT 1 -receptor blockade increases angiotensin II concentration through feedback disinhibition so renders local angiotensin II more accessible to unoccupied AT 2 receptors, causing additional beneficial effects of AT 2 activation. 38 AT 1 blockade, like ACEi, limits cardiovascular events but the results from studies on cardiac ischemia reperfusion with losartan are controversial. In most of the experiments, administration of losartan or its active metabolite, EXP3174, immediately prior to ischemia had no significant effect on myocardial infarct size in rat 2 or rabbit. 3 Explanations for the failure to reduce infarct size may be related to time of application and dosages used. Zhu et al. have reported that losartan has time-dependent cardioprotective effects. In their study myocardial infarct size was unchanged after one day and one week of pretreatment but was significantly reduced by four and 10 weeks of pretreatment with losartan. 11, 12 This is consistent with our findings on the potential effect of losartan to decrease the infarct size although we used a much lower dose of losartan and also the effect of losartan on ischemia-induced arrhythmia was investigated in our study.
In summary, it appears that the ACEi ramiprilat and the AT 1 blocker losartan have time-dependent cardioprotective effects against ischemia reperfusion injury at nonhypotensive dose in a rat model of myocardial ischemia reperfusion.
